Pulmonary fibrosis (PF) is a progressive and predominantly lethal form of several interstitial lung diseases hallmarked by scarring, hyperplasia of the alveolar cells, alveolar epithelial tissue damage, excess infiltration of fibroblasts and myofibroblasts in the lung tissue, and accumulation of extracellular matrix (ECM) within the tissue. Subsequently, the exchange of gases at the alveoli is affected resulting in lung impairment. Statistical reports estimate the median survival rate of PF as 3 years in 50% of the population affected. Globally, more than five million population have PF, and in European countries each year, incidence of PF ranges between 0.22% and 7.4% per 100,000 population; prevalence is found to be higher among males.\[[@ref1]\] In the present days, PF is emerging as a major public health concern with limited therapeutics. A recent study investigated on the global burden of PF using Medline and Embase databases revealed that incidence and mortality of PF are correlated proportionally and are increasing over time.\[[@ref2]\]

Bleomycin (BLM) is a chemotherapeutic antibiotic commonly used to treat testicular, cervical cancers and Hodgkin\'s lymphoma. However, BLM produces pulmonary toxicity and fibrosis as a side effect in a large number of patients due to deficiency of BLM hydrolase enzyme that degrades BLM into nontoxic metabolites.\[[@ref3]\] Further, BLM is a well-established and best-characterized experimental model in inducing PF via producing oxidative stress and resembles the human fibrotic condition. It can be administrated through various routes including intratracheal (IT), inhalational, intravenous, intraperitoneal, and subcutaneous. Although there are multiple routes with their own pros and cons, IT delivery of BLM is widely practiced. BLM delivery via IT route involves surgical intervention where an incision is made on the neck to expose the trachea; a complicated process associated with mortality. Besides, fibrosis is restricted to large superior airways rather than affecting the complete lung tissue in IT route; therefore considered as a nonhomogeneous distribution of the fluids instilled into the lungs.\[[@ref4]\] Further to maintain the homogenous distribution and to induce complete lung fibrosis condition, an alternative model is developed known as oropharyngeal aspiration (OPA) which can overcome the limitations of both IT and intranasal routes of administration. Besides, OPA can also result in reducing the dose required in inducing lung fibrosis.\[[@ref5]\]

Growing line of evidence suggests that OPA was used for the first time in delivering the technetium-labeled sulfur colloid to determine the mucociliary clearance using scintigraphy.\[[@ref6]\] Later, a silicosis study was performed to know whether OPA can be used as an alternative to IT route and interestingly noticed that OPA was simpler, superior, stress less, reproducible, and homogeneous in comparison to IT administration.\[[@ref4]\] Other study performed by Egger *et al*. reported the production of sustained lung fibrosis via OPA administration of BLM using histology studies and magnetic resonance imaging (MRI) scan in C-57BL/6 and BALB/c mice.\[[@ref5]\] A similar model refinement study of chemical-induced asthma in mice was performed where the inhalational route has been replaced by OPA wherein OPA mimicked condition of human asthma.\[[@ref7]\] Further, OPA administration of interleukin-13 (IL-13) induced metaplasia of goblet cells and provided a simple model to investigate the agents that alter mucus production.\[[@ref8]\] Moreover, as an alternative to the aerosol formulation, OPA of Burkholderia (lethal pathogen) in BALB/c mice was investigated and found significant immune response compared to existing models.\[[@ref9]\] The present work highlights the significance of OPA as a simple, reliable, noninvasive, and homogeneous route of administration compared to other existing techniques of BLM-induced PF model in Swiss mice. The fibrotic responses of lungs exposed to BLM are investigated using various biochemical and molecular studies along with pathological examination compared to control mice.

Materials and Methods {#sec1-1}
=====================

Materials {#sec2-1}
---------

BLM sulfate (Cipla Labs), chloramine-T, trans-L-Hydroxyproline, Masson\'s trichrome staining kit, Griess reagent, Ehrlich reagent, reduced glutathione (GSH), 5,5-dithio-bis (2-nitrobenzoic acid), 2-thiobarbituric acid (TBA), bovine serum albumin (BSA), sodium dodecyl sulfate (SDS), glacial acetic acid, sodium nitrite, and Bradford reagents were obtained from Sigma-Aldrich, USA. All other chemicals were of analytical grade and were obtained commercially. Anti-α-smooth muscle actin (SMA), anti-E-cadherin, horseradish peroxidase (HRP) anti-mouse and anti-rabbit antibodies were obtained from Santa-Cruz Biotechnology Inc. Anti-vimentin and anti-fibronectin primary antibodies were procured from Cell Signaling Technology.

Animals {#sec2-2}
-------

Male Swiss albino mice (8-week-old) were used for the study and maintained with 12-h dark/light cycle in a conventional animal house at ambient temperature. Animals were acclimatized for 1 week before the experiment and provided with access to food and water ad libitum. All the animal experiments were carried under due approval of the Institutional Animal Ethics Committee of NIPER-Hyderabad, in accordance with the Committee for the Purpose of Control and Supervision on Experiments on Animals guidelines of the government of India.

Oropharyngeal Aspiration of Bleomycin in Swiss Mice {#sec2-3}
---------------------------------------------------

The animal was anesthetized using 2% isoflurane, and when light plane anesthesia was attained, the animal was placed on mouse intubation platform (Penn-Century, Inc., Wyndmoor, PA, USA) at 60° inclined angle. Water for injection was used as a vehicle in control animals. The tongue of mice was pulled and hold with forceps, BLM (2 IU/kg) was administered into the distal part of the oral cavity (oro-pharynx) using pipette, and nose was gently closed until the liquid got disappeared. The tongue was released back till gasp of the animal was completely stopped; respiration was critically monitored and placed the animal in a vertical position. Animals were returned to the home cage after recovery of anesthesia. The procedure of OPA was performed twice on alternative days (day 0 and day 2) with 1 IU/kg each time and the study was terminated after 21 days.

Lung-body Weight Index and Lung Morphology {#sec2-4}
------------------------------------------

Body weights were taken once in a week and lung weights were taken on the day of sacrifice, lung morphology was observed, and images were captured, followed by snap freezing of samples. Lung-body weight index was calculated to identify the potential harmful effect of BLM on lung.

Bronchoalveolar Lavage Fluid Analysis {#sec2-5}
-------------------------------------

Mice were euthanized, a small incision was made on the trachea, and suitable catheter was used to insert into the trachea so as to collect bronchoalveolar lavage fluid (BALF). Later, 1 mL of ice-cold phosphate-buffered saline was injected into lungs and BALF was gently aspirated using a catheter. The procedure was repeated thrice, and 70% recovery of collected BALF was observed. BALF collected thrice of the same group were pooled, centrifuged at 5000 RPM, supernatant and pellet were separated. Total protein and albumin content were estimated in BALF supernatant using commercially available kits (Accurex Biomedical Pvt., Ltd.). BAL pellets were redispersed and subjected to lymphocyte estimation.

Analysis of Oxidative Stress Parameters {#sec2-6}
---------------------------------------

Tris-HCl buffer was used to homogenize the lung tissues. Lipid peroxidation assay by TBA-reactive substances (TBARs) method was performed in total lung tissue homogenates to estimate the oxidative stress.\[[@ref10]\] Nitric oxide estimation was done by Griess reagent method, and measurement of GSH levels using GSH reductase was performed in the supernatant by Ellman\'s method.\[[@ref11]\] Protein concentrations of both homogenates and supernatants were estimated using Bradford assay, and BSA was used as a standard.

Hydroxyproline Estimation {#sec2-7}
-------------------------

The concentration of hydroxyproline in lung tissues was performed using the method as described by Woessner with slight modifications.\[[@ref12]\] Tissue homogenates were allowed to undergo acid hydrolysis for 2 h at 120°C in an autoclave. After cooling of the samples, pH of 7.4 was adjusted and treated with chloramine-T for 20 min at room temperature followed by addition of aldehyde-perchloric acid incubated for 15 min at 60°C, samples were brought to room temperature, centrifuged, and absorbance of samples was read at 550 nm. Hydroxyproline was used as a standard.

Histopathological Examination and Masson\'s Trichrome Staining {#sec2-8}
--------------------------------------------------------------

Lung tissues collected from control and BLM-treated groups after the sacrifice were fixed in 10% nonbuffered formalin solution. Fresh formalin solution was replaced after 24 h of fixation and beforehand of the experiment; fixed tissues were processed using gradient alcohols and xylene, subjected to paraffin infiltration followed by the embedding of the tissue. Later, the embedded tissues were made into 5-µm thick sections using microtome and subjected to hematoxylin and eosin (H and E) staining to observe pathological changes in the tissue. Further, to estimate the excess collagen deposition in the lung tissues, sections were stained with Masson\'s trichrome staining.

Tumor Necrosis Factor-α, Interleukin-6, and Transforming Growth Factor-β Quantification by ELISA {#sec2-9}
------------------------------------------------------------------------------------------------

Expression of pro-inflammatory cytokines including tumor necrosis factor-α (TNF-α), IL-6, and pro-fibrotic cytokine transforming growth factor-β (TGF-β) in lung tissue supernatants of control and BLM-treated groups was evaluated using commercially available ELISA kit (eBioscience, USA).

Western Blot Analysis {#sec2-10}
---------------------

Lung tissues were lysed with tissue protein extraction reagent buffer mixed with protease cocktail mixture and phosphatase inhibitor using homogenizer maintained at 2000 rpm and 4°C; the supernatant was collected after centrifugation at 12,000 rpm for 10 min and stored at −20°C or used immediately. Protein concentration was determined using Bradford protein estimation assay. Equal amounts of protein were separated on SDS-polyacrylamide gels and transferred onto polyvinyl difluoride membrane. After transfer, protein of interest was blocked for nonspecific binding (5% nonfat dry milk in tris-buffered saline-Tween (TBST) (0.1%), incubated with primary antibody overnight. Blots were probed with anti-α-SMA (mouse monoclonal antibody, dilution 1:1000); anti-vimentin (rabbit monoclonal antibody, dilution 1:1000); anti-E-cadherin (rabbit monoclonal antibody, dilution 1:1000); and anti-fibronectin (mouse monoclonal antibody, dilution 1:1000). After overnight incubation, blots were washed thrice with TBST, each time for 10 min, and incubated with HRP-conjugated secondary antibody for 1 h at room temperature. Membranes were visualized using enhanced chemiluminescence reagents, and the protein bands were subjected to a densitometry analysis using ImageJ software. The membranes were probed with β-actin antibody as an internal control and to ensure equal loading. Each blot shown is a representative of at least three independent experiments.

Statistical Analysis {#sec2-11}
--------------------

Data are expressed as means ± standard error of mean (*n* = 6) and analyzed with unpaired *t*-test using GraphPad Prism version 5. *P* \< 0.05 was considered statistically significant.

Results {#sec1-2}
=======

Lung-body Weight Index and Lung Morphology {#sec2-12}
------------------------------------------

Before induction of BLM, there were no significant differences in body weights of the animals in all groups. At the termination of the study, significant changes in body and organ weights were observed, evident by lung-body weight index as shown in [Figure 1a](#F1){ref-type="fig"}. Lung weights in BLM-treated group were significantly increased compared to control group, may be attributed due to the accumulation of excess ECM. Further, visible morphological changes of fibrotic induction were observed in BLM group as mentioned in [Figure 1b](#F1){ref-type="fig"} compared to control group.

![Effect of oropharyngeal aspiration administration of bleomycin on lung index and lung morphology. (a) Change in lung index and (b) Significant fibrotic induction by oropharyngeal aspiration-bleomycin on lung morphology. Data are represented as means ± standard error of mean (*n* = 6). \*\*\**P* \< 0.001 of bleomycin versus control](IJPharm-48-643-g001){#F1}

Bronchoalveolar Lavage Fluid Analysis {#sec2-13}
-------------------------------------

As total protein and its constituent albumin are abundantly expressed in alveolar epithelium, the effect of BLM on these specific proteins is being investigated as mentioned in [Figure 2](#F2){ref-type="fig"}. Significantly increased expression of total protein and albumin in BLM-treated group reflected the altered integrity of alveolar barrier and damage to the epithelial fluid lining compared to control group where normal lung architecture is not affected. Further, significant lymphocyte accumulation in BALF was noticed.

![Changes in BAL fluid parameters by oropharyngeal aspiration administration of bleomycin. Concentrations of (a) albumin, (b) total protein, and (c) lymphocytes in bronchoalveolar lavage. Data are represented as means ± standard error of mean (*n* = 6). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 of bleomycin versus control](IJPharm-48-643-g002){#F2}

Analysis of Oxidative Stress Parameters and Hydroxyproline {#sec2-14}
----------------------------------------------------------

The role of BLM on biochemical parameters including lipid peroxidation, GSH levels, nitric oxide, and hydroxyproline expression was investigated as depicted in [Figure 3](#F3){ref-type="fig"}. Lipid peroxidation that functions as a marker of tissue damage by oxidative stress is significantly (*P* \< 0.01) elevated in BLM-treated group as evident from TBARs level expressed as microgram per milligram of tissue protein. A significant decrease (*P* \< 0.01) in levels of GSH (endogenous antioxidant) is noticed in BLM-treated groups compared to control. Further, expression of nitric oxide is significantly (*P* \< 0.001) enhanced in BLM-treated group with that of control group. The concentration of hydroxyproline (collagen accumulation) in BLM-treated group after 21 days is significantly (*P* \< 0.001) higher than in normal control.

![Effect of oropharyngeal aspiration administration of bleomycin on biochemical parameters in lung tissues. Concentrations of (a) malondialdehyde, (b) glutathione, (c) hydroxyproline, and (d) nitric oxide. Data are represented as means ± standard error of mean (*n* = 6). \*\**P* \< 0.01, \*\*\**P* \< 0.001 of bleomycin versus control](IJPharm-48-643-g003){#F3}

Histopathological Examination and Masson\'s Trichrome Staining {#sec2-15}
--------------------------------------------------------------

To evaluate the pathological changes and collagen deposition in lung tissues of BLM-treated mice, H&E, and Masson\'s trichrome stain were performed as shown in [Figure 4](#F4){ref-type="fig"}. In lung sections of BLM-treated mice, distorted lung architecture is observed with severe thickening of alveolar walls. Besides, accumulation of inflammatory cells in lung sections significantly evidences the fibrotic progression induced by BLM via OPA aspiration. Moreover, dense collagen distribution in lungs is observed on OPA BLM administration compared to control group, revealed by Masson\'s trichrome staining.

![Pathological examination elucidating the effect of oropharyngeal aspiration administration of bleomycin using H and E and Masson\'s trichrome staining. (a and b) H and E lung sections, (c and d) Masson\'s trichrome-stained lung sections of control and oropharyngeal aspiration-bleomycin group, respectively (×100)](IJPharm-48-643-g004){#F4}

Tumor Necrosis Factor-α, Interleukin-6, and Transforming Growth Factor-β Quantification by ELISA {#sec2-16}
------------------------------------------------------------------------------------------------

TGF-β is a key fibrotic cytokine in the progression of PF while other pro-inflammatory cytokines that exert their role in PF include TNF-α and IL-6. Thus, the above-mentioned cytokines were investigated for their altered expression in BLM-treated group as mentioned in [Figure 5](#F5){ref-type="fig"}. Significantly elevated levels of both pro-inflammatory and fibrotic cytokines (*P* \< 0.001) are observed in mice administered with BLM via OPA.

![Effect of oropharyngeal aspiration administration of bleomycin on fibrotic and inflammatory cytokines. (a) Transforming growth factor-β1, (b) tumor necrosis factor-a, and (c) interleukin-6, respectively. Data are represented as means ± standard error of mean (*n* = 6). \**P* \< 0.05, \*\*\**P* \< 0.001 of bleomycin versus control](IJPharm-48-643-g005){#F5}

Western Blot Analysis {#sec2-17}
---------------------

Stressing the importance of epithelial-mesenchymal transition (EMT) in fibrosis, the effect of BLM on epithelial marker E-cadherin and mesenchymal markers including α-SMA, fibronectin, and vimentin was evaluated as shown in [Figure 6](#F6){ref-type="fig"}. Western blot analysis revealed the decreased expression of E-cadherin (*P* \< 0.05) and significantly increased expression of α-SMA (*P* \< 0.01), fibronectin (*P* \< 0.001), and vimentin (*P* \< 0.0001) in BLM-treated groups compared to control group.

![Significant changes in expression of epithelial and mesenchymal markers on oropharyngeal aspiration administration of bleomycin. (a) E-cadherin, (b) α-Smooth muscle actin and (c) vaimentin, and (d) ?bronectin, respectively, and respective densitometric analysis were normalized with β-actin. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001 of bleomycin versus control](IJPharm-48-643-g006){#F6}

Discussion {#sec1-3}
==========

IT instillation is a traditional and standardized model in inducing PF. Although it is a reliable and well-established model in investigating the efficacy of compounds against PF, there exist some limitations including invasive surgical intervention and nonhomogeneous disease induction. Thus, OPA is emerged as a simple alternative technique to replace IT instillation due to homogenous distribution and reproducibility. OPA is practiced for the first time in the last decade to assess mucociliary clearance, and then onward, it is adapted as a simple technique to screen the therapeutic compounds against respiratory disorders including asthma, assessing mucociliary function, immune system disorders, and fibrosis. Existing reports of silicosis suggested the superiority of OPA model against IT instillation wherein a detailed comparative study between OPA and IT routes using silica suspension was performed in C57Bl/6 mice. Toward this context, another study is emerged to compare both OPA and IT routes in BLM-induced fibrosis in both C57Bl/6 and BALB/c mice using histology and MRI scan techniques. Along with the advantage of OPA with respect to the route of administration, the study emphasized the significant reduction in the amount of BLM dose to be administered to the mice via OPA route compared to IT. The present study is designed to induce fibrosis using OPA administration of BLM in Swiss mice and to investigate the effect of BLM administered via OPA by various biochemical and molecular techniques.

OPA administration resulted in significant visible morphological differences after 21 days between BLM-treated group and control group. In PF induced by BLM, 5%--10% decrease of body weight in BLM-induced animals is being reported.\[[@ref13]\] However, lung weights of the BLM-treated group increase due to ECM accumulation. Lung index of BLM treatment group was significantly increased by 2.94 folds in comparison to control group. Increased expression of total protein and albumin levels evident from BALF analysis reflects the significant alveolar epithelial damage, and results of the study revealed significantly elevated levels of both total protein (1.82 folds) and albumin (1.84 folds) in BLM-treated mice consistent with the literature to that of control. Accumulated evidence explain the crucial role of oxidative and nitrative stress in BLM-induced PF.\[[@ref14][@ref15]\] Thus, lung tissues were subjected to estimation of endogenous antioxidant GSH, expression of nitric oxide, and extent of lipid peroxidation. Significant suppression of GSH expression (1.36 folds) and increase in lipid peroxidation (2.14 folds) in BLM-treated group compared to control group confirmed the increased levels of oxidative stress in BLM group administered via OPA. Similarly, significant elevation of nitric oxide levels depicts the enhanced effect of nitrative stress (3.46 folds) in the BLM-treated group. Hydroxyproline, a key biomarker in fibrotic disorders that propel the amount of collagen deposited is significantly increased in BLM-treated group than control group.

Accumulation of ECM and excess collagen deposition is reported to be indulged in fibrosis.\[[@ref16]\] As speculated, dense deposition of collagen is observed in BLM-treated group as evident from histopathological examination and Masson\'s trichrome staining techniques. Aberrant expression of pro-inflammatory cytokines including TNF-α and IL-6 gain importance in PF.\[[@ref17][@ref18]\] Thus, evaluation of these markers was investigated by ELISA. Significant increase in levels of both TNF-α (2.5 folds) and IL-6 (2.31 folds) were noticed in BLM-treated group after 21 days with that of control group. TGF-β1 functions as a master regulator in inducing fibrotic signaling events and its expression in fibrosis are upregulated on BLM administration.\[[@ref19]\] The concentration of TGF-β1 significantly increased by 1.57 folds in animals administered with BLM via OPA compared to control group. TGF-β1 activation stimulates EMT process and hence aids in the transformation of epithelial cells into mesenchymal cells and results in accumulation of ECM in lung tissue.\[[@ref20]\] Immunoblot analysis performed for EMT markers confirmed the induction of fibrosis in the lung on BLM administration via OPA route. BLM treatment attenuated the expression of epithelial marker E-cadherin by 1.31 folds and increased the levels of mesenchymal markers including SMA, vimentin, and fibronectin by 1.91, 15.21, and 2.38 fold change, respectively, with that of control group. Taken together, all the above-mentioned experimental results suggest the use of OPA-BLM model to induce PF in Swiss mice. Although IT comparison was not made with OPA, results of all the performed parameters at both biochemical and molecular levels correlate with the reports published where BLM was administered via IT route. Taken together, this model of OPA-BLM offers a simple, reproducible, homogeneous, and noninvasive technique to induce PF in Swiss mice and to identify various novel anti-fibrotic agents.

Conclusion {#sec1-4}
==========

The present work demonstrates the use of OPA as a simple, reliable, homogeneous, and noninvasive alternative technique to IT instillation of BLM for induction of PF in Swiss mice. Biochemical and molecular effects of BLM reflect the prominent induction of fibrotic disease, and therefore, OPA-BLM model may function as an alternative model to IT-BLM in investigating the therapeutic potential compounds in PF.
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